Abstract BACKGROUND: Nano-hydroxyapatite/polyamide 66 (nHA/PA66) is a composite used widely in the repair of bone defects. However, this material is insufficient bioactivity. In contrast, D-RADA16-RGD self-assembling peptide (D-RADA16-RGD sequence containing all D-amino acids is Ac-RADARADARADARADARGDS-CONH 2 ) shows admirable bioactivity for both cell culture and bone regeneration. Here, we describe the fabrication of a favorable biomaterial material (nHA/PA66/D-RADA16-RGD). METHODS: Proteinase K and circular dichroism spectroscopy were employed to test the stability and secondary structural properties of peptide D-RADA16-RGD respectively. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were used to characterize the surface of these materials. Confocal laser scanning (CLS), cell counting kit-8 tests (CCK-8), alizarin red S staining, cell immunofluorescence analysis and Western blotting were involved in vitro. Also biosafety and bioactivity of them have been evaluated in vivo. RESULTS: Proteinase K and circular dichroism spectroscopy demonstrated that D-RADA16-RGD in nHA/PA66 was able to form stable-sheet secondary structure. SEM and TEM showed that the D-RADA16-RGD material was 7-33 nm in width and 130-600 nm in length, and the interwoven pore size ranged from 40 to 200 nm. CLS suggests that cells in nHA/PA66/ D-RADA16-RGD group were linked to adjacent cells with more actin filaments. CCK-8 analysis showed that nHA/PA66/ D-RADA16-RGD revealed good biocompatibility. The results of Alizarin-red S staining and Western blotting as well as vivo osteogenesis suggest nHA/PA66/D-RADA16-RGD exhibits better bioactivity. CONCLUSION: This study demonstrates that our nHA/PA66/D-RADA16-RGD composite exhibits reasonable mechanical properties, biocompatibility and bioactivity with promotion of bone formation.
Introduction
It is difficult to repair some bone defects, particularly loadbearing or large bone defects, which may cause non-union and thus cause effect upon a patient's quality of life [1] . Bones do have the potential to regenerate; however, bone induction and conduction for the recovery of large or loadbearing bone defects require bone grafts, which are supported mechanically [2, 3] . Indeed, autologous grafts represent biologically compatible materials for bone transplantation hey have some limitations, including the limited availability, pain, donor site morbidity, and the mismatch between harvested bone grafts as well as defect sites [4] . Allogeneic bone grafts serve as an alternative to autologous grafts but may trigger immune rejection and disease transmission [5] .
Current synthetic materials are limited by a number of factors, including insufficient bioactivity or biocompatibility, as well as unsatisfactory degradation or non-degradation properties [6] . Favorable biomaterials are associated with bioactivity and ductility provided by both inorganic and macromolecular compounds [7, 8] . Nano-hydroxyapatite/polyamide 66 (nHA/PA66) consists of nHA and PA66, and exhibits the features of good biocompatibility, osteo-conductivity and mechanical behavior. Furthermore, many experiments have shown that nHA/PA66 not only satisfies the requirements to act as a substitute for natural bone, but also has similar biomechanics to human bones [9, 10] . As a consequence, this composite has been widely used to repair bone, and various derivative products consisting of nHA/PA66 have also been increasingly used in clinical work [11] [12] [13] . Research has shown that nHA/PA66 is able to directly integrate with human bone and does not appear to be associated with negative effects after implantation [14, 15] . A new biomaterial demands both preferable biomechanics and biological activity; however, nHA/PA66 composite has insufficient bioactivity compared with other biomaterials. As a result, our research aimed to enhance the bioactivity of nHA/PA66 composite. For the its ionic self-complementary characteristic, D-RADA16-RGD (D-RADA16-RGD sequence containing all D-amino acids is Ac-RADARADARADAR-ADARGDS-CONH 2 ) is able to spontaneously assemble into nanofibers.
A previous study showed that D-RADA16-RGD peptides can be made into three-dimensional (3D) scaffolds that resemble the microstructures of the natural extracellular matrix (ECM) [16] . The D-RADA16-RGD peptide amphiphiles, including the hydrophobic domain, a short peptide sequence capable of forming intermolecular hydrogen bonding, charged amino acids for the design of pH and salt-responsive nanostructures, as well as the hydrophobic alkyl tail for the interactions with cells or proteins could have favorable influence on cell function such as cell adhesion, proliferation and differentiation [17, 18] . Additionally, these 3D scaffolds were subsequently found to significantly facilitate not only the delivery of oxygen and soluble signaling molecules, but also the metabolism of waste product [19, 20] . A recent study reported that D-RADA16-RGD materials also help to promote cell proliferation, or repair processes following injury [21] .
The present study evaluates D-RADA16-RGD peptides as a newly designed material for bone repair with a particular emphasis on bioactivity. The RGD sequence found in fibronectin, as well as other ECM proteins, could promote cell differentiation and migration, and are designed for peptide materials modifying [22] . We specifically aimed to investigate the bioactivity of nHAPA66/D-RADA16-RGD composite. In order to do this, composite biomaterials were fabricated by incorporating D-RADA16-RGD nano-fibers into nHA/PA66. Next, we investigated the biomechanics and surface of nHAPA66/D-RADA16-RGD composite. Finally, MC-3T3 cells and animal experiment were used to test the biocompatibility and bioactivity of nHAPA66/D-RADA16-RGD composite.
Materials and methods

Peptide purification
Solid-phase peptides of D-RADA16-RGD were synthesized by Shanghai Biotech Bioscience and Technology Co., Ltd. (Shanghai, People's Republic of China) with a purity of 98.58%.
Circular dichroism spectroscopy and Rheology test
A circular dichroism (CD) spectrometer (J-810, JASCO Corporation, Tokyo, Japan) was employed to measure the peptide samples, which consisting of 1.0 mg/ml peptide aqueous stock were dissolved and adjusted to 100 M using 20 mM CaCl2, at 25°C, 37°C, and 60°C respectively. The analysis was done using a CD cuvette with a 5 mm path length and measured in the 190-290 nm range. Rheology test on 1°stainless steel cone-controlled rheometer with a diameter of 20 mm (Thermo Fisher Science, Waltham, MA, USA) Samples were dissolved in PBS (pH 7.4) at a concentration of 20.0 mg/ml. The peptide solution was diluted with PBS (pH 7.4) to 10 mg/ml, 5 mg/ml and 2.5 mg/ml respectively and stored at 4°C in a refrigerator over night, and 150-200 ll of samples were used for analysis at 25°C.
Tissue Eng Regen Med 2.3 Preparation of the nHA/PA66 composite nHA [14] , the main inorganic component of human and animal bones, and PA66 materials were purchased from Nanotechnology Co., Ltd (Chengdu, People's Republic of China). The synthesis of materials was completed at the Nanotechnology company. nHA/PA66 composite slurry was then prepared in accordance with methodology described previously [23] . Foam agent, which would turn to a gaseous phase at high temperature (1:50) was added to the composite PA66 slurry at 70°C. Then, the PA66/foam was added to the nHA slurry and stirred constantly for 2 h. Throughout this paper, the nHA/PA66 composites used contained 40% (by weight) of nHA. The composite slurry was then allowed to set for 4 h at room temperature, and the bubbles were completely removed. The slurry was then cast onto a plate and the composites heated to 300°C for 1 h. The resultant materials were then washed repeatedly with deionized water.
The preparation of several specifications of porous nHA/ PA66 is completed.(U 2.5 mm 9 3 mm for animal experiment),(U 32 mm 9 4 mm and ect for vitro experiment).
Preparation of the nHA/PA66/D-RADA16-RGD composite
The prepared porous nHA/PA66 composites (including U 2.5 mm 9 3 mm, U 32 mm 9 4 mm and ect) were completely immersed in D-RADA16-RGD solution (5 mg/ml) (5 mg/ml peptides is the optimum coating concentration, which can form a stable three-dimensional structure without agglomeration as supplement showed) at room temperature by dissolving lyophilized peptide powder in PBS (pH 7.4) for 48 h to make the nHA/PA66/D-RADA16-RGD composite for further studies. Scanning electron microscopy (SEM) (Nova NanoSEM 400, FEI, Hillsboro, OR, USA) was used to image the surface morphology of nHA/PA66(with or without D-RADA16-RGD) composites. The nHA/PA66 composite was created as described in the article; the D-RADA16-RGD composite used in our study was created as follows. D-RADA16-RGD peptide powder was dissolved in PBS for 48 h at room temperature at a concentration of 5 mg/ ml. Next, 10 ml of peptide solution was loaded onto a copper grid. Redundant solution was removed, and 10 ml of uranyl acetate was used to dye the peptide solution for 30 s; the solution was then dried for 12 h in a desiccator.
Finally, transmission electron microscopy (TEM) (Philips Tecnai G2 F20, FEI Company, Hillsboro, OR, USA) was used to take images. Mechanical tests were also carried out on the two composites using 15 9 10 9 10 mm samples. These tests showed that pressing speed was 5 mm/min and compression height ratio was 50%. 
Cytotoxicity assays
Cells were cultured according to the manufacturer's instructions, and a cell counting kit-8 (CCK-8 kit; Dojindo, Kumamoto, Japan) was used to evaluate cell proliferation in each sample at 1, 3 and 7 days. CCK-8 was added to the medium at a concentration of 10 ll/well, and then samples were incubated at 37°C for 2 h. The absorbance at 450 nm was then read with a microplate reader (Thermo Fisher Scientific Co Ltd, Waltham, MA, USA). Each assay was repeated three times.
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Determination of Osteogenic capacity
Blank control group (no materials), nHA/PA66 group and nHA/PA66/D-RADA16-RGD group were synthesized for Western blotting in 6-well plates (for samples that were 32 mm in diameter) and alizarin red staining in 24-well plates (for 1 9 1 9 0.1 cm samples). After co-culturing for 24 h, culture medium (DMEM/F12) was replaced by osteogenic induction medium (Cyagen Biosciences Co, Ltd Guangzhou, People's Republic of China). The density of cells in each well was 3 9 10 4 viable cells per cm 2 . Every 3 days, the osteogenic induction medium was replaced.
Cell attachment and spreading
The nHA/PA66/D-RADA16-RGD and nHA/PA66 materials were been prepared as 1 9 1 9 0.1 cm samples for this experiment. MC-3T3 were co-cultured with different samples in 24-well plates and cell counting plate was employed to calculate the cell density of each well at about 2 9 10 4 cells per cm 2 . After two time points (12 h and 24 h) of co-culture, cells were washed with PBS three times and then fixed in 4% paraformaldehyde for 15 min. Then, Triton X-100, a detergent, was added at a concentration of 0.1% for 5 min. Cells were then re-washed with PBS three times. Rhodamine-phalloidin (50 lg/ml; Cyagen, Guangzhou, People's Republic of China) was then added into each sample for 30 min for microfilament cytoskeleton dyeing and then removed. Next, cells were stained with diamidino-phenylindole (DAPI; 0.1 mg/ml; Cyagen, Guangzhou, People's Republic of China) for 20 min for nuclears staining. Finally, confocal laser microscopy (Nikon, Tokyo, Japan) was used to analyze the microfilament cytoskeleton and nucleus to observe cell adhesion, proliferation, differentiation, etc. in each sample.
Alizarin red S staining
Osteogenic differentiation in MC-3T3 cells over a period of 21 days was determined by Alizarin red S staining, which was used to identify calcium deposits in cell samples (nHA/PA66 discs: 10 9 10 9 1 mm and nHA/PA66/D-RADA16-RGD discs: 4 9 10 5 cells/cm 2 ). In brief, cells were first fixed with 4% paraformaldehyde and then stained with 1% Alizarin red S (1%; Sigma-Aldrich, St. Louis, MO, USA) for 1 h at room temperature. Samples were then analyzed using a microscope (Carl Zeiss, Jena, Germany). In order to quantitatively analyze calcium nodules in each sample, we used cetylpyridinium chloride (10%; Cyagen, Guangzhou, People's Republic of China) solution to desorb the stain on the samples. The absorbance of the dissolving solution collected from each sample was then tested at a wavelength of 620 nm using a Thermo Scientific microplate reader (Multiskan, MA, USA).
Western blotting
Two types of composite disc (nHA/PA66 and nHA/PA66/ D-RADA16-RGD; 32 mm in diameter) were co-cultured with MC-3T3 cells at a density of 3 9 10 4 per cm 2 . At three time-points of incubation (14, 21 and 28 days), cells were sampled and mixed with RIPA lysis buffer (Cyagen, Guangzhou, People's Republic of China) to create cell lysates. We then used the bicinchoninic acid method (Cyagen, Guangzhou, People's Republic of China) to determine the total protein concentration of whole cell lysates. For each sample, 40 lg of protein was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to polyvinylidene fluoride (PVDF) membranes. After blocking with blocking buffer (Abcam, Massachusetts, UK) for 1 h at 37°C, membranes were incubated for 12 h with primary antibodies against three osteogenic related proteins: collagen-1 (COL-1), osteopontin (OP), osteocalcin (OC) (1:1000; Sigma, USA) and b-actin (1:5000; Beyotime, Jiangsu, People's Republic of China) as internal control. Finally, a secondary anti-rabbit IgG antibody (Beyotime, Jiangsu, People's Republic of China) was added to the membranes and incubated for 4 h. Bound antibodies were visualized using a chemiluminescence system.
Animal experiment
All animal research was conducted in accordance with the Declaration of Helsinki and in accordance with the Guide for Care and Use of Laboratory Animals. All experimental protocols were approved by the Ethics Committee of Chongqing Medical University (Reference Number: IACUC.NO: 2016-059). The Laboratory Animal Center provided 24 female Sprague-Dawley rats weighing 200-240 g.
An intravenous administration of chloral hydrate (10%, 5.0-7.5 ml/kg) was used to anesthetize animals. First, we exposed the distal femoral condyle of each rat. Next we created a bone defect that was 2.5 mm in diameter and 3 mm in depth in two hind legs of each animal. Rats were randomly divided into 2 groups (each group at each time points has 6 rats), and the defects in each leg from each group were filled with respective materials (nHA/PA66 and of nHA/PA66/D-RADA16-RGD). After defects in the distal femoral condyle were filled, the soft tissues were closed. Penicillin was administered by intramuscular injection in order to prevent potential infection. After surgery at two time-points (8 and 12 weeks), rats were culled by an overdose of anesthesia. Three groups were Tissue Eng Regen Med culled at the 8-week time-point and six groups were culled at the 12-week time-point. Micro-computed tomography (CT) was then used to analyze harvested femoral condyles.
Micro-CT analysis
Following surgery, two groups of rats were culled at 8 weeks and 12 weeks. The femoral condyle was harvested and imaged by micro-CT (Viva CT40, Scanco Medical AG, Bassersdorf, Switzerland). Computer software was used to remove materials by different sitethreos (the sitethreos of materials are less than 220). We then determined the trabecular structure index on bone samples using a three-dimensional technique. We also determined relative bone volume of the trabecular bone using a three-dimensional mesh structure diagram of bone volume density (BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th) and trabecular spacing (Tb.Sp). The micro-CT settings were 70 kVp and 114 uA, with an image voxel size of 7.0 um and a 0.01 mm slice thickness. The integration time was 350 ms. The average scanning time was approximately 45 min per rat per time point, which produced approximately 600 images. Three-dimensional images of the new bone structure in the defective areas were then rebuilt by computer. Tb.N and Tb.Th are two key indicators that describe the trabecular bone in terms of number and thickness; Tb.Sp can also be used to measure separation between trabecular bones.
Statistical analysis
Data were expressed as means ± standard deviation (SD), and differences between groups were analyzed by analysis of variance (ANOVA) or the independent t test using SPSS software (version 20.0) (SPSS Inc, Chicago, IL, USA). All experiments were carried out in triplicate, and values p \ 0.05 were considered to be statistically significant.
Results
Microstructural analysis of different composite materials
The D-RADA16-RGD material was 7-33 nm in width and 130-600 nm in length, and the interwoven pore size ranged from 40 to 200 nm ( Figure 1A , B). demonstrate the surface morphology of the two materials, respectively. The pore size of nHA/PA66 ranged from 150 to 250 lm. D-RADA16-RGD was homogeneously distributed on the surface and in the porous of the materials. TEM measurements of the D-RADA16-RGD material demonstrated that nano-fibers were self-assembled at room temperature, and a network structure was created by interwoven nano-fibers (Fig. 1C) . The mean macro-pore size of the nHAPA66 composite was 628.91 ± 121.94 lm, the porosity was 79.88 ± 6.33% and the compressive strength was 3.01 ± 1.07 MPa (Table 1 , Fig. 1D, E) . None of the physical parameters of nHA/PA66/ D-RADA16-RGD were significantly different to those of the nHA/PA66 scaffolds (p [ 0.05).
Secondary structural properties of peptide D-RADA16-RGD
Compared to ellipticity from 198.5 to 218 nm at 25°C, the CD spectrum of peptide D-RADA16-RGD has a maximum and increased ellipticity at 218.5 nm and a minimum ellipticity at 199 nm at 37°C. However, at 60°C, its CD spectrum showed a maximum but relatively reduced ellipticity at 218.5 nm and a minimum ellipticity at 200 nm (Fig. 1F) . As a result, the peptide D-RADA16-RGD was able to form stable-sheet secondary structure when the temperature ranged from 37 to 60°C.
Cell attachment and spreading
Confocal laser scanning (CLS) microscopy was used to image cell immunofluorescence and identify the cell microfilaments of MC-3T3 cells, as shown in Fig. 2 . We can find that, at time point 12 h, the number of MC-3T3 cells in the D-RADA16-RGD group was significantly higher than in the other groups (p \ 0.05), which indicated that the nHA/PA66/D-RADA16-RGD material may have better cell adhesion induction properties or facilitate early cells proliferation, which consistent with the result of CCK-8. At the time point 24 h, cells exhibited a long and spindle-shaped morphology in both the nHA/PA66/D-RADA16-RGD group and nHA/PA66 group compared to a polygonal shape in the blank control group (6-well plate without biomaterials). Cells, in D-RADA16-RGD group, were linked to adjacent cells with more actin filaments compared with other groups. In the blank control group, there were fewer actin filaments in one monolayer and cells are dispersive morphology. This result may be influence by the bioactivity of RGD and the 3D structure of D-RADA16-RGD structure may play an important role.
Stability of peptides
To avoid the effects of resistance due to hydrogelation, the concentration of D-RADA16-RGD was set at 0.2 mg/ml, which is markedly lower than the critical gelation concentration of the hydrogel. After 7 time points of incubation with proteinase K respectively, the compound remained was employed to test the stability of peptides of different materials (D-RADA16, D-RADA16-RGD and Tissue Eng Regen Med nHA/PA66/D-RADA16-RGD) and the results demonstrated that compared to D-RADA16-RGD [ 35% remained after 24 h, the nHA/PA66/D-RADA16-RGD remained more than 50% after 24 h which may because of the peptides protected by porous structure of the nHA/ PA66 (Fig. 1G) . We chose typical ions (Na/K) in the cell media to investigate the gelation nanomechanical properties. Rheological experiments measure a storage modulus by evaluating elastic response (rigidity) and viscous response of material, respectively, by varying frequencies of applied oscillatory stress. Upon comparing the rheological property of D-RADA16-RGD self-assembly in water or salt solution (0.01 M PBS, Na/K) to compare the effect of varying concentration of peptide.
Obviously, the mechanical properties of 2.5 mg/ml concentration of peptides was lower than others (5 mg/ml, 10 mg/ml and 20 mg/ml). However, as shown in Fig. 1H , there was no significant difference in the mechanical properties of the other three materials in the experiment. High concentration (5 mg/ml, 10 mg/ml and 20 mg/ml) of D-RADA16-RGD materials demonstrated similar mechanical properties which may means that all of them could form a stable nanofibers and three-dimensional scaffolds. As a result, this experiment is useful in a process of selection of peptide concentration and we believe that 2.5 mg/ml D-RADA16-RGD peptides may not form an effective three- dimensional scaffolds compared to higher concentration peptides (5 mg/ml, 10 mg/ml and 20 mg/ml).
Cytotoxicity assays
As shown in Fig. 3 , the number of MC-3T3 cells increased as incubation time increased. There was no significant difference between each group at most time points of the timepoints (except 6 h), thus indicating similar proliferation capacity in each group (p [ 0.05) As for 6 h, we believe that 3D structure will facilitate early cell proliferation, which means it may be affected by 3D structure of D-RADA16-RGD structure as well as the bioactivity of RGD to accelerate cell adhesion (p \ 0.05).CCK-8 analysis showed that nHA/PA66/D-RADA16-RGD revealed good biocompatibility.
Alizarin-red S staining
After 21 days of co-culture with osteogenic induction, MC-3T3 cells were stained by alizarin-red S (Fig. 4) . Alizarin red staining allowed us to visualize calcium nodule formation; analysis showed that there were more calcium nodules on the nHA/PA66/D-RADA16-RGD composite group than the other groups (p \ 0.01).
Osteogenic differentiation-related protein
To evaluate the influence of the combination of D-RADA16-RGD and nHA/PA66 material on osteoblast differentiation in MC-3T3 cells, we used Western blotting to investigate COL-1, OP and OC; these are all important proteins in osteogenic differentiation. Figure 5 shows the expression of these three proteins in MC-3T3 cells. nHA/ PA66/D-RADA16-RGD do not reduce the expression of these proteins. The level of COL1 was significantly higher in the nHA/PA66/D-RADA16-RGD group compared with the other two groups (p \ 0.01). However, the expression of OP was significantly higher in the nHA/PA66/D-RADA16-RGD group at both the 14-and 21-day timepoints (p \ 0.01) but showed no significant difference on day 21. Only after 28 days of culture did the expression of OC show a significantly higher level of expression compared to the control group and the nHA/PA66 group (p \ 0.01); these results suggest that nHA/PA66/D-RADA16-RGD exhibits better bioactivity.
In vivo osteogenesis
The 3D reconstructions of the femoral condyles at 8 and 12 weeks and imaged by micro-CT analysis of the explants are shown in (Table 2 ; p \ 0.05). The Tb.Sp of new bone also significantly increased in the defective bones of the nHA/PA66 treatment group (Table 2) , when compared with the nHA/PA66/ D-RADA16-RGD group (p \ 0.05). However, there were no significant differences in Tb.N at the 12-week timepoint (p = 0.114, [ 0.05), and one reason may be the value of them reach to normal. It can be seen that the progress of bone repair in the nHA/PA66/D-RADA16-RGD group is better than that in the nHA/PA66 group.
Discussion
Bone consists of both organic (e.g. collagen I) and inorganic components (e.g. bony salts) [24] . Porous nHA/PA66 composites mimic a bony structure in the sense that nHA acts as a bony salt and PA66 acts as the porous structure to cancellous bone; it is these features that have made this material become more and more popular over recent years Tissue Eng Regen Med [8] . In China, this kind of porous nHA/PA66 materials are used as an artificial bone for the filling of large bone defects in the clinic. However, The material needs to be improved in osteogenesis. On the other hand, compared to L-forms amino acids, peptide bonds formed by D-amino acids have higher stability than that of L-amino acids, as evidenced by the proteases being able to degrade L-form peptide bonds but unable to degrade D-form peptide bonds [25, 26] . Indeed, many D-form self-assembling peptide hydrogel scaffolds have been found to hold significant promise in cell culture and tissue regeneration. RADA16 peptide material has been used to improve the outgrowth of nerites, cardiac repair and wound healing [6, [27] [28] [29] . D-RADA16-RGD peptides would have demonstrated extraordinary propensity to assemble into b-sheet structures and 3D nanostructures by means of intermolecular hydrogen bonding and others [20] . The two most common peptide secondary structures are b-sheet and a-helix as well as in the b-sheet and a-helix system, many ionic selfcomplementary peptides are designed and fabricated, including L-RAD16, and D-RAD16. They readily undergo self-assembly into nano-fiber and 3D biomaterial scaffolds by means of intermolecular hydrogen bonding and others [1] . Short peptide epitope RGD is found in bronectin and other ECM proteins, and can assist in inducing cell differentiation and migration through binding to integrin receptor [30] . Furthermore, peptide RGD can be combined with PHSRN to fabricate peptide PHSRNG6RGD which results in the improvement of cell binding, possibly due to its better similarity to functional structures of bronectin [31] . The D-RADA16-RGD peptide has also been shown to be beneficial for both chondrocyte culture and cartilage regeneration [32, 33] . Other studies have demonstrated that D-RADA16-RGD has been of great benefit to hemostasis and cell culture [1, 34] . In the present study, we designed a new material to enhance the bioactivity of porous HA/ PA66 in bone repair, notably in osteogenesis, by combination with by D-RADA16-RGD.
In the present study, we wished to determine whether D-RADA16-RGD would trigger self-assembly process and form well-ordered nano-fiber. TEM results showed that D-RADA16-RGD material was the same width as D-RADA16-RGD nano-fibers, and ranged from 40 to 200 nm; these dimensions had positive effects on cell adhesion and infiltration. In our cytology experiments, the nHA/PA66/D-RADA16-RGD composite substantially improved the bioactivity of MC-3T3 cells, suggesting that our new composite has favorable cell spreading ability and biocompatibility. Adhesion and spreading of cells plays an important role in influencing bone repair and improving cell-material interaction [34, 35] . Confocal laser microscopy was used to observe initial cell attachment and subsequent proliferation on the surface of the two materials; this allowed us to compare cell adhesion and biocompatibility. A previous study demonstrated that cell microfilaments had a significant influence on several cell bioactivities [36] . For example, stretching pseudopodia are vital in cell connection, and would therefore be important in cell attachment. A greater extent of microfilaments and pseudopodia were found in the nHA/PA66/D-RADA16-RGD group compared with other groups, implying that cells spread faster on the surface of our nHA/PA66/D-RADA16-RGD composite. Spindle-shaped cells were more commonly found on the surface of the nHA/PA66/D-RADA16-RGD composite, indicating that cells were more prone to adhere to the surface of the nHA/PA66/D-RADA16-RGD composite. The increased number of adhesion cells and spindleshaped cells on the nHA/PA66/D-RADA16-RGD composite indicated a more favorable capacity for osteogenic differentiation [37, 38] . A greater number of adhesion and spindle-shaped cells may be beneficial in the repair of defective bones and increasing the success rate of implantation.
We believe that the effects of these peptides are mainly due to their self-assembling ability, which can form scaffolds to mimic the extracellular environment for cell growth, and the transport of oxygen, nutrients and waste products to take place in a 3D environment, while the amino acids of these peptides themselves do not interact with the cell [39, 40] . The result of Peptide degradation by proteinase K showed that the porous nHA/PA66 would reinforce the stability of D-RADA16-RGD peptides significantly (p \ 0.01) which means that these results indicate that the chiral hydrogel scaffolds promote cell-cell interactions and provide a long-term effective 3D microstructure, basing on the stability of peptides, for cell migration, which is vital to facilitate tissue regeneration in the field of angiogenesis, wound closure and repairing of bone [32] .
Pervious study showed that some peptide nano-fiber scaffolds demonstrate potential abilities for controlled release of some therapeutic agents, such as some drugs or growth factors. The integrity of peptide nano-fiber scaffolds is critical for sustained release, which means that nHA/ PA66/D-RADA16-RGD is much more stable than D-RADA16-RGD demonstrate the nHA/PA66/D-RADA16-RGD would revise more potential in sustained release. Previous study showed that the sustained release is beneficial to constrain side effects of nerve injury and stimulate nerve regeneration. Controlled release of the drug dexamethasone has been feasible within nano-fiber hydrogels, and it can effectively reduce the occurrence of inflammation and prevent the secondary injury to nerve tissue [41] .
The osteogenic abilities of MC-3T3 cells were determined by alizarin red staining and Western blotting of COL-1, OP, and OC; the expression of these proteins would reflect osteogenic differentiation of MC-3T3 cells during bone repair. Compared to other groups, Western blotting showed that the expression of these proteins significantly increased in the nHA/PA66/D-RADA16-RGD group at most time-points. Furthermore, calcium nodules, the final differentiation phase secreted by MC-3T3 cells, were quantified by Alizarin red staining and showed the same experimental outcome. Meanwhile, positive effects on both the expression of these three osteogenesis-related proteins, and the secretion of calcium nodules, indicated that the nHA/PA66/D-RADA16-RGD composite showed significantly better biocompatibility and bioactivity. In comparison with other composites already used in clinical treatments, such as polylactic acids, the advantages of the nHA/PA66/D-RADA16-RGD composite would not have opposing influences on the differentiation of cells by not releasing lactic acid and therefore preventing a drop in pH [38] . This indicates that the nHA/PA66/D-RADA16-RGD composite could be used in clinical surgery as a safe implant. Owing to the fact that nHA/PA66/D-RADA16-RGD is similar to human bone in terms of its biomechanical behavior because of the nHA/PA66 materials and better bioactivity by D-RADA16-RGD self-assembling peptide.
In order to investigate the osteogenic capacity of different composite materials, nHA/PA66/D-RADA16-RGD and nHA/PA66 were used to repair defective femoral condyles in rats. Bone morphology change, and the analysis of BV/TV, Tb.Th, Tb. NTb.Sp and BMD, in new bones from harvested femoral condyles by micro-CT showed that nHA/PA66/D-RADA16-RGD composites exhibit a significant influence on bone defect repair ( Fig. 6 and Table 2 ). Compared with the nHA/PA66 material group, the bone defect of the nHA/ PA66/D-RADA16-RGD material group recovered better, and we believe that D-RADA16-RGD plays an important role in it.
We believe that compared the nHA/PA66 scaffolds, which were macroscopically filled with the defects of bone, the D-RADA16-RGD peptide can form a three-dimensional mesh scaffold structure on the surface of the material and the pores, which can effectively facilitate cells proliferation and adhesion on the material to promote the progress of bone repairing. What is more, RGD, a type of heparin-binding protein, as a functional group on the D-RADA16 scarf folds is highly beneficial for proliferation and differentiation too. nHA/PA66/D-RADA16-RGD material as a ternary composite exhibits better bone repair performance than nHA/PA66.
Modifying our peptide scaffold composite with RGD significantly enhanced its effects on bone repair; this probably occurred because of the increasing concentration of RGD or electrostatic interactions between the peptide and the RGD [42] . The nHA/PA66/D-RADA16-RGD group described herein showed significant potential for osteogenesis. Furthermore, the D-ADA16-RGD hydrogel used in a previous study presented with significant potential ability for the controlled release of TGF-beta in order to promote cell proliferation [43] .
We believe that the biological activity of D-RADA16-RGD peptide on the surface of new materials and in porous plays an important role in bone healing. The reason may because that the D-RADA16-RGD peptide scaffolds might act as a support for the RGD domain could be the explanation for the effects on MSCs observed after incubation with the D-RADA16-RGD peptide in soluble form, which induced a significant enhancement of matrix mineralization by these cells [42] . During the first days of incubation, when the cells have still not synthesized an ECM, the soluble D-RADA16-RGD peptide might be able to trigger integrin-dependent signaling pathways to direct cell differentiation, as it has been shown that soluble RGD peptides can bind to integrins.
Another reason may be related to the activation of RGDcell receptor-associated signaling pathways and the biological activity of peptide-forming bioscaffolds [44] . HoWook Jun et al. found that the three-dimensional scaffold formed by the RGD-modified amphiphilic peptide (PA) has a certain effect on the differentiation of mesenchymal stem cells into osteoblasts, especially when the RGD-modified amphiphilic peptide is mixed with hydroxyapatite. Significantly increase the differentiation potential of mesenchymal stem cells, thereby enhancing bone formation and accelerating bone healing [45] . However, its specific osteoinduction mechanism is unclear, which may be due to the RGD functional motif-mediated osteoinduction [46] , which may be related to the signaling pathway involved in integrin-activated ERK gene [47] .
There are still some shortcomings in our experiments. Fist of all, to evaluate the osteogenic suitability of new materials, more kinds of cells (such as BMSC's) should be involved to increase credibility. The resorption activity, which would form an integral component of bone turnover, on the new composite materials should been studied in further studies and the reaction of osteoclasts on such a material also needs to be involved as well.
In conclusion, the addition of D-RADA16-RGD scaffold into nHA/PA66 materials significantly improved the bioactivity of nHA/PA66/D-RADA16-RGD material. Cytology experiments demonstrated that nHA/PA66/D-RADA16-RGD could facilitate cell proliferation, differentiation and adhesion, indicating that this nHA/PA66/D-RADA16-RGD composite exhibits good bioactive properties and biocompatibility. On the basis of bone morphology change, the quantification of micro-CT analyses showed that nHA/PA66/D-RADA16-RGD composites could significantly enhance the bioactivity of bone repair. In summary, we developed a novel composite of D-RADA16-RGD-combined nHA/PA66 that exhibited good biological properties, and appears to have good prospects for broad application.
